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Chiral partner structure of doubly heavy baryons with heavy quark spin-flavor
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The spectrum of the doubly heavy baryons is estimated with respect to the new observation
from the LHCb collaboration [1] by using the chiral partner structure and heavy quark spin-flavor
symmetry. The effects of heavy quark flavor symmetry breaking and light quark flavor symmetry
are considered. The mass splitting of doubly heavy baryons with the same spin but opposite parity
arises from the generalized Goldberger-Treiman relation. The intermultiplet one-pion transition and
intramultiplet radiative transitions are also be estimated.
PACS numbers: 11.30.Hv, 11.30.Rd, 12.39.Hg, 14.20.Lq, 14.20.Mr.
Very recently, the doubly charmed baryon Ξ++cc was
observed by the LHCb collaboration [1] at a very high
confidence level. Differently from the experimental sta-
tus of its light flavor partner of Ξ+cc, the observation of
Ξ++cc confirms the existence of the doubly heavy baryons
(DHBs) which are the straight forward prediction from
the extension of the quark model [2–5]. It is reasonable
to believe that this mile stone observation unveils a new
direction in particle physics. After the observation of
LHCb collaboration, properties of DHBs have been con-
sidered by several groups [6–8].
Inside a DHB, there is a heavy diquark and a light
quark. Since the heavy quark in a DHB is almost near
its mass shell, it is reasonable to expect that the heavy
quark limit is applicable in this system (for a review, see,
e.g., [9]). Since there is a light quark in a DHB, the
chiral symmetry which is widely used in the physics of
light hadrons is applicable. In this paper, concerning the
experimental progress [1] and our previous works [10, 11],
we devote ourselves to study the spectrum of the DHBs
by using the effective model with respect to the chiral
symmetry and heavy quark spin-flavor symmetry.
Since the heavy quark has a large mass, in the heavy
quark limit, the heavy diquark in a DHB can be regarded
as a compact object without radical excitation, that is,
either a boson Φ with quantum numbers JPQ = 0
+ or a
boson Φµ with quantum numbers 1
+ 1. Schematically,
the quark contents of these two states are
Φ ∼ QTγ5CQ′ , Φµ ∼ QTγµCQ′ , (1)
where Φ and Φµ include the annihilation operator for
a heavy diquark, C = iγ2γ0 is the charge conjugation
operator and the heavy quark flavor matrix Q(′) = (c, b).
∗ yongliangma@jlu.edu.cn
† harada@hken.phys.nagoya-u.ac.jp
1 Note that, for a heavy diquark composed by the same heavy
quarks, Φ does not exist. In addition, in the present work, we
changed our convention Φ¯(µ) used in the previous works [10, 11]
to Φ(µ).
Both states are color anti-triplets. And, in the heavy
quark flavor basis, we have the following matrix form
Φ =
(
0 Φcb
Φbc 0
)
, Φµ =
(
Φµcc Φ
µ
bc
Φµbc Φ
µ
bb
)
, (2)
in which Φcb = −Φbc due to the heavy quark flavor asym-
metry. Because of the spin-flavor symmetry in heavy
quark limit [12–15], all the states in Φ and Φµ have the
same mass.
In the heavy quark limit, these states can be arranged
into a heavy quark multiplet
X = P+ (γ5CΦ+ iγ
µCΦµ)P
T
+ , (3)
where P± = (1 ± v/)/2. Since colors of two heavy quarks
in X are antisymmetric, the spin and flavor indices are
taken to be symmetric. Then the representation of X
under the heavy quark spin-flavor SU(4) symmetry is 10,
which is decomposed into (1, 1)⊕ (3, 3) corresponding to
Φ ⊕ Φµ. The parity transformation of X is written as
X →
P
γ0Xγ0 . (4)
After an appropriate normalization, the anti-heavy quark
field Q¯ and the heavy diquark field X can be arranged
into a column (
Q¯
X
)
. (5)
And the color interaction does not mix Q¯ and X . That
is, there is a superflavor symmetry for the heavy quark
sector [16, 17].
We next couple the light quark to the heavy object to
study the heavy hadrons including a light quark. With
respect to the light quark components of heavy hadrons,
in addition to the heavy quark spin-flavor symmetry,
the chiral partner structure can be used to classify the
heavy hadrons, like what was proposed for heavy-light
mesons [18–21]. For studying the chiral partner struc-
ture of the heavy hadrons, we consider light-quark clouds
with jP = (1/2)+ and (1/2)− as parity partners to each
2other where the former comes from the s-wave coupling
between the light quark and heavy constituent but the
latter comes from the p-wave coupling.
Considering these two light-quark clouds with jP =
(1/2)+ and (1/2)−, one can define two kinds of heavy
hadrons, one kind Ψ+ with a light-quark cloud j
P =
(1/2)+ and the other kind Ψ− with a light-quark cloud
jP = (1/2)− as follows
Ψ+ =
(
H¯
B+
)
, Ψ− =
(
G¯
B−
)
, (6)
where H¯ and G¯ include anti-heavy mesons with JP =
(0−, 1−) and (0+, 1+), respectively, and the fields B+ and
B− include DHBs with positive and negative parities,
respectively.
By writing the anti-heavy meson fields with JP =
(0−, 1−) and (0+, 1+) as (P¯ , P¯ ∗µ) and (P¯ ∗0 , P¯
µ
1 ), H¯ and
G¯ are expressed as
H¯ =
(
P¯ ∗µγµ + iP¯ γ5
)
P+,
G¯ =
(− P¯µ1 γµγ5 + P¯ ∗0 )P+ . (7)
It should be noted that P¯ is doublet of the heavy flavor
symmetry including D¯ and B mesons and triplet under
the light flavor symmetry:
P¯ =

D¯0 B+D− B0
D−s B
0
s

 , (8)
and similarly for P¯ ∗µ, P¯ ∗0 and P¯
µ
1 .
Because of the existence of the heavy flavor symmetry,
B± includes a heavy-quark spin singlet with JP = 12
±
and a heavy-quark spin doublet with JP =
(
1
2
±
, 32
±
)
.
By writing the singlet field as φ± and the doublet field
as ψµ±, B± are expressed as
[B+]hh′l = [P+]hh1
(
[γ5C]h1h2 [φ+]l
+ [γµC]h1h2
[
ψµ+
]
l
) [
PT+
]
h2h′
, (9)
[B−]hh′l = [P+]hh1
(
[γ5C]h1h2 [γ5φ−]l
+ [γµC]h1h2
[
γ5ψ
µ
−
]
l
) [
PT+
]
h2h′
,
where h, h′, h1, h2 are spinor indices for heavy quarks
and l is the spinor index for baryons. The summation
over repeated indices are understood. For simplicity of
writing, we express the above structure as
B+ = P+
[
γ5C ⊗ φ+ + γµC ⊗ ψµ+
]
PT+ ,
B− = P+
[
γ5C ⊗ γ5φ− + γµC ⊗ γ5ψµ−
]
PT+ . (10)
We further decompose the ψµ± fields into J
P = 12
±
field
ψ± 1/2 and J
P = 32
±
field ψµ
± 3/2 through [17]
ψµ± =
1√
3
σµν vνψ± 1/2 + ψ
µ
± 3/2 , (11)
where
σµν =
i
2
[γµ , γν] , (12)
and the spin-3/2 Rarita-Schwinger fields ψµ
± 3/2 satisfy
v/ψµ
± 3/2 = ψ
µ
± 3/2 , vµψ
µ
± 3/2 = γµψ
µ
± 3/2 = 0 . (13)
Each field of B± carries three flavor indices, two of which
are for heavy flavors, c and b, and one for light flavors, u,
d, s. For clarifying notations, we express φ±, ψ± 1/2 and
ψµ
± 3/2 in terms of physical baryons:
φ+ =
(
0 − (Ξ′+bc ,Ξ′0bc,Ω′0bc)(
Ξ′+bc ,Ξ
′0
bc,Ω
′0
bc
)
0
)
,
φ− =
(
0 − (Ξ′∗+bc ,Ξ′∗0bc ,Ω′∗0bc )(
Ξ′∗+bc ,Ξ
′∗0
bc ,Ω
′∗0
bc
)
0
)
,
ψ+1/2 =
(
(Ξ++cc ,Ξ
+
cc,Ω
+
cc)
(
Ξ+bc,Ξ
0
bc,Ω
0
bc
)(
Ξ+bc,Ξ
0
bc,Ω
0
bc
) (
Ξ0bb,Ξ
−
bb,Ω
−
bb
)) ,
ψ− 1/2 =
(
(Ξ∗++cc ,Ξ
∗+
cc ,Ω
∗+
cc )
(
Ξ∗+bc ,Ξ
∗0
bc ,Ω
∗0
bc
)(
Ξ∗+bc ,Ξ
∗0
bc ,Ω
∗0
bc
) (
Ξ∗0bb ,Ξ
∗−
bb ,Ω
∗−
bb
)) , (14)
ψµ+3/2 =

(Ξµ++cc ,Ξµ+cc ,Ωµ+cc )
(
Ξµ+bc ,Ξ
µ0
bc ,Ω
µ0
bc
)
(
Ξµ+bc ,Ξ
µ0
bc ,Ω
µ0
bc
) (
Ξµ0bb ,Ξ
µ−
bb ,Ω
µ−
bb
)

 ,
ψµ
− 3/2 =

(Ξ′µ++cc ,Ξ′µ+cc ,Ω′µ+cc )
(
Ξ′µ+bc ,Ξ
′µ0
bc ,Ω
′µ0
bc
)
(
Ξ′µ+bc ,Ξ
′µ0
bc ,Ω
′µ0
bc
) (
Ξ′µ0bb ,Ξ
′µ−
bb ,Ω
′µ−
bb
)

 ,
We note that the parity transformations of H¯, G¯ and
B± are given by
H¯ →
P
γ0H¯γ0 , G¯ →
P
γ0G¯γ0 ,
[B±]hh′l →P [γ0]ll1 [γ0]hh1 [B±]h1h2l2 [γ0]h2h′ . (15)
For later convenience, we define the conjugation fields of
Ψ± as
Ψ¯+ =
(
H
B¯+
)
, Ψ¯− =
(
G
B¯−
)
, (16)
where
H = γ0H¯
†γ0 , G = γ0G¯
†γ0 ,[B¯±]hh′l = [γ0]hh1
[
B†±
]
h1h2l1
[γ0]h2h′ [γ0]l1l . (17)
By writing spinor structure explicitly, these fields are ex-
pressed as
H = P+
[(
P¯ ∗µ
)†
γµ + i
(
P¯
)†
γ5
]
,
G = P+
[
− (P¯ ′µ1 )† γµγ5 + (P¯ ∗0 )†] , (18)
and
B¯+ = PT+
[
Cγ5 ⊗ φ¯+ + Cγµ ⊗ ψ¯µ+
]
P+ ,
B¯− = PT+
[− Cγ5 ⊗ φ¯−γ5 − Cγµ ⊗ ψ¯µ−γ5]P+ . (19)
3In terms of the parity eigenstates, one can make the
combination
ΨL =
1√
2
(Ψ+ − iγ5Ψ−) ,
ΨR =
1√
2
(Ψ+ + iγ5Ψ−) , (20)
where γ5 act on the index corresponding to light quarks.
For later convenience, we introduce
H¯L = 1√
2
(
H¯ − iγ5G¯
)
, H¯R = 1√
2
(
H¯ + iγ5G¯
)
,
BL = 1√
2
(B+ − iγ5B−) , BR = 1√
2
(B+ + iγ5B−) .
(21)
By using these fields, ΨL,R are expressed as
ΨL,R =
( HL,R
BL,R
)
. (22)
Under chiral transformation, ΨL,R transform in the same
way as the current chiral quark, i.e.,
ΨL,R → gL,RΨL,R, (23)
with gL,R ∈ SU(3)L,R.
Now, we are in the position to construct the chiral ef-
fective Lagrangian for heavy hadrons with chiral partner
structure. Following the procedure used in Refs. [10, 11]
the effective Lagrangian preserving chiral symmetry as
well as heavy quark symmetry can be written as
LΨ = − Tr
(
Ψ¯Liv · ∂ΨL + Ψ¯Riv · ∂ΨR
)
+∆Tr
(
Ψ¯LΨL + Ψ¯RΨR
)
− 1
2
gpiTr
(
Ψ¯LMΨR + Ψ¯RM
†ΨL
)
+ i
gA
fpi
Tr
(
Ψ¯Lγ5γ
ν∂νMΨR − Ψ¯Rγ5γν∂νM †ΨL
)
+ i
(gS + igI)
4f2pi
Tr
[
Ψ¯L (v · ∂M)M †ΨL + Ψ¯R
(
v · ∂M †)MΨR]
− i (gS − igI)
4f2pi
Tr
[
Ψ¯LM
(
v · ∂M †)ΨL + Ψ¯RM † (v · ∂M)ΨR] , (24)
where M is the light meson field which transforms as
M → gLMg†R under chiral transformation, and gpi, gA,
gS and gI are real dimensionless coupling constants. In
terms of the scalar and pseudoscalar fields, one can make
a decomposition M = S + iΦ = 2SaT a + 2i (πaT a) with
Sa being the scalar nonet field, πa being the pseudoscalar
nonet field and T a being the generators of U(3) group
with the normalization tr (TaTb) = (1/2)δ
ab. Compared
to our previous works [10, 11], we include the gS term in
Eq. (24) which is significant for predicting the intermul-
tiplet hadronic decay.
As we know that, even though the charm quark mass
and bottom quark mass are both large compared to their
off-shell scales, the flavor symmetry is strongly broken.
To account for the mass splitting between charm baryon
and bottom baryon with preserving the heavy quark spin
symmetry, we introduce
LMQΨ = −c1Tr
[
M−1Q
(HLH¯L +HRH¯R)]
− c2Tr
[(
M−1Q
)T (B¯LBL + B¯RBR)
]
− c3Tr
[
B¯LM−1Q BL + B¯RM−1Q BR
]
, (25)
where c1, c2 and c3 are constants with dimension mass
square andM−1Q = diag(1/mc, 1/mb) which recovers the
flavor symmetry when mc → mb.
Now, let us consider the mass spectra. With includ-
ing the heavy flavor symmetry violation in Eq. (25), the
masses of the heavy-light mesons are expressed as
MHc =MH −
c1
mc
, MHb =MH −
c1
mb
,
MGc =MG +
c1
mc
, MGb =MG +
c1
mb
, (26)
where MH and MG are the rotated masses of the H
doublet and G doublet, respectively. This equation yields
MHb −MHc =MGb −MGc = c1
(
1
mc
− 1
mb
)
. (27)
For the DHBs, their masses are expressed as
MB+,cc =MB+ −
2 (c2 + c3)
mc
,
MB+,bc =MB+ − (c2 + c3)
(
1
mc
+
1
mb
)
,
MB+,bb =MB+ −
2 (c2 + c3)
mb
, (28)
which yield the mass relation
MB+,bc =
1
2
(
MB+,cc +MB+,bb
)
. (29)
4Similar relations hold for negative parity baryon B−. Ex-
plicitly
MB−,cc =MB+ −
2 (c2 + c3)
mc
,
MB−,bc =MB+ − (c2 + c3)
(
1
mc
+
1
mb
)
,
MB−,bb =MB+ −
2 (c2 + c3)
mb
. (30)
which yield
MB−,bc =
1
2
(
MB−,cc +MB−,bb
)
. (31)
It should be stressed that the heavy-flavor symmetry
leads to the degeneracy of two different heavy quark mul-
tiplets of bc baryons, i.e., the heavy-quark singlet φbc
type and the heavy-quark doublet ψbc type, as pointed in
Ref. [10]. Here, above results in Eqs. (28) and (30) show
that the violating terms of the heavy-flavor symmetry at
first order in Eq. (25) do not generate the mass difference
between the φbc-type baryons and ψbc-type baryons.
We would like to stress that the superflavor symme-
try [16, 17] links the coupling constants in heavy meson
sector to the present DHB sector [22, 23]. Therefore,
we can make predictions on the properties of DHBs us-
ing the present information of heavy-light mesons. After
chiral symmetry breaking which can be achieved by a
suitable choice of the potential of the light meson sector,
S, and therefore M field, acquire vacuum expectation
value 〈M〉 = fpi with fpi being the pion decay constant.
From the Lagrangian (24), the mass splitting of the chiral
partners are
∆Mq = mBq− −mBq+ = mGq −mHq . (32)
In the following, we shall perform numerical analyses.
For a realistic analysis, we phenomenologically include
the effect of heavy spin violation as well as that of explicit
breaking of the chiral symmetry from the current quark
masses of u, d and s quarks. Let us explain how to include
those effects in the following.
In the present analysis, we estimate ∆Mq using the
masses of charmed mesons as follows. In u-quark sec-
tor, we use the masses of D0, D∗(2007)0, D∗0(2400)
0 and
D1(2430)
0 listed in Table I to obtain
MHu = 1971.34± 0.04MeV ,
MGu = 2400± 28MeV , (33)
which we also use for d-quark sector. For s-quark sec-
tor, from the masses of D±s , D
∗±
s , D
∗
s0(2317)
± and
Ds1(2460)
± listed in Table I, we have
MHs = 2076.2± 0.3MeV ,
MGs = 2424.1± 0.5MeV . (34)
Using these values we estimate
∆Mq =
{
429± 28MeV , for q = u, d;
347.9± 0.6MeV . for q = s. (35)
TABLE I. Relevant masses of charm and bottom mesons
Particle Masses (MeV)
D0 1864.83 ± 0.05
D∗(2007)0 2006.85 ± 0.05
D∗0(2400)
0 2318± 29
D1(2430)
0 2427 ± 26± 25
D±s 1968.28 ± 0.10
D∗±s 2112.1 ± 0.4
D∗s0(2317)
± 2317.7 ± 0.6
Ds1(2460)
± 2459.5 ± 0.6
B0 5279.63 ± 0.15
B∗ 5324.65 ± 0.25
B0s 5366.89 ± 0.19
B∗s 5415.4
+1.8
−1.5
To estimate the masses of the DHBs, in addition to
the mass relation from the Lagrangian (24) and (25), we
take some inputs. For the doubly charmed baryons Ξcc,
we take the central value of recent LHCb data mΞ++cc =
3621.40 [1]. For the mass of Ωcc, we estimate it from the
relation
mΩcc −mΞcc ≃ mHs −mHq = 104.9± 0.3MeV ,(36)
which yields mΩcc ≃ 3726.3MeV with omitting the er-
ror bar. To estimate the DHBs including a pair of bot-
tom quarks, we take mΞbb = 10150 MeV as reference
value, which is the average of the central values ob-
tained in Refs. [24, 25]. The mass of Ωbb is estimated
as mΩbb ≃ mΞbb+mΩcc−mΞcc ≃ 10155 MeV, which is in
agreement with the calculation of Ref. [25]. For the DHBs
in the same heavy quark multiplet, even though they have
the same mass in the heavy quark limit, their mass differ-
ence can be estimated by using the heavy quark-diquark
symmetry relation [26, 27] as follows:
mΞcc 3/2 −mΞcc 1/2 =
3
4
(mD∗0 −mD0) ≃ 106.5MeV ,
mΩcc 3/2 −mΩcc 1/2 =
3
4
(
mD∗0s −mD0s
) ≃ 107.9MeV ,
mΞbb 3/2 −mΞbb 1/2 =
3
4
(mB∗ −mB0) ≃ 33.8MeV ,
mΩbb 3/2 −mΩbb 1/2 =
3
4
(
mB∗s −mB0s
) ≃ 36.4MeV .(37)
With the above discussions, we predict the masses of the
DHBs in Table II.
We next turn to the strong decays of the DHBs. For
this purpose, we first estimate the coupling constant gpi
which measures the intermultiplet transitions of the chi-
ral partners. From the mass splitting for q = u, d in
Eq. (35), one finds that gpi can be estimated by using the
generalized Goldberger-Treiman relation
gpi =
∆Mq
fpi
= 4.6± 0.3 , (38)
5where we use fpi = 92.42 ± 0.26MeV. Then, by using
this value and considering the isospin relation, one can
calculate the full width of D∗0 → Dπ as
Γ(D∗0 → Dπ) =
3
2
(
2g2pimD∗0mD
) 1
8πm2D∗0
|~ppi|
= 793± 103MeV , (39)
where |~ppi| is the three momentum of the decay products.
The above result is about three times of the observed
widths 267±40MeV (D∗00 ) and 230±17MeV (D∗±0 ) [28],
so that, if one only used the gpi term in Lagrangian (24)
to calculate the one-pion intermutiplet transition, the
predicted widths of DHBs would be too large. Con-
sidering this defect, we include the gS term in the La-
grangian (24). Therefore, the full width of D∗0 → Dπ is
written as
Γ(D∗0 → Dπ) =
3
8π
(
gpi − gSEpi
fpi
)2
mD
mD∗0
|~ppi| , (40)
where Epi is the energy of the outgoing pion. By using
the experimental value of the total width of D∗0(2400)
0,
267± 40MeV [28], one obtains two solutions as
gS = 0.43± 0.08 , 1.63± 0.14 , (41)
which are common in the calculation of the intermultu-
plet decays of DHBs.
In terms of the mass difference ∆MB;q, the intermulti-
plet one-pion transitions of the DHBs in the isospin sym-
metry limit can be studied. The relevant partial widths
are expressed as
Γ
(
Ξ∗QQ′ → ΞQQ′π
) ≃ Γ(Ξ′µQQ′ → ΞµQQ′π)
≃ Γ (Ξ′∗QQ′ → Ξ′QQ′π)
=
3
8π
(
gpi − gSEpi
fpi
)2 mΞQQ
mΞ∗
QQ′
|~ppi| ,
Γ
(
Ω∗QQ′ → ΩQQ′π
) ≃ Γ(Ω′µQQ′ → ΩµQQ′π)
≃ Γ (Ω′∗QQ′ → Ω′QQ′π)
=
1
8π
(
gpi − gSEpi
fpi
)2 mΩQQ
mΩ∗
QQ′
|~ppi|∆2pi0η,
(42)
where |ppi| and Epi are the three-momentum and energy
of π in the rest frame of the decaying DHB and ∆pi0η is
the magnitude of the η-π0 mixing. Here, we take ∆pi0η =
− 5.32 × 10−3 estimated in Ref. [29] based on the two-
mixing angle scheme (see, e.g., Ref. [30] and references
therein). The channels including charged pions can be
obtained by using the isospin relation. Our results of
the intermultiplet one-pion transition are summarized in
Table II.
Since the mass difference between the DHB in a heavy
quark multiplet with spin-3/2 and that with spin-1/2 is
less than the pion mass, unlike the heavy-light meson in-
cluding a charm quark, the intramultiplet hadronic tran-
sition is forbidden. Therefore, the dominant intramulti-
plet transition is the electromagnetic transition. In our
present framework, we can write the Lagrangian for the
magnetic decays of heavy hadrons as
L = eβ
2
Tr
[
Ψ¯Lσ
µν
lightFµνQlightΨL
+ Ψ¯Rσ
µν
lightFµνQlightΨR
]
+ eTr
[
σµνheavyFµνQheavy
(HLH¯L +HRH¯R)]
+ eTr
[
σµνheavyFµνQheavy
(B¯LBL + B¯RBR)]
+ eTr
[
B¯L σµνheavyFµνQheavy BL
+ B¯R σµνheavyFµνQheavy BR
]
, (43)
where β is the parameter introduced to account for the
magnetic moment of the light quark in the heavy hadron,
Qlight = diag(2/3,−1/3,−1/3) is the charge matrix of
the light quark and Qheavy = diag(2/3/mc,−1/3/mb) de-
notes the charges of the heavy quark in the heavy hadron.
Fµν is the field strength of the photon field. The sub-
script “light” for σµν = i2 [γ
µ, γν ] implies that it acts
on the spinor indices for light quarks, and the subscript
“heavy” does for heavy quarks. Using this Lagrangian,
one can obtain the following simple rates for the intra-
multiplet transitions
Γ
(
1± → 0±γ) = 1
3
αem
m
H
(∗)
Q¯q
m
H
(′)
Q¯q
(
eq β − eQ
mQ
)2 ∣∣∣~Pγ∣∣∣3 ,
(44)
Γ
(
3
2
±
→ 1
2
±
γ
)
=
4
9
αem
m
B
(∗)
QQ′q
m
B
(′)µ
QQ′q
×
(
eq β +
eQ
mQ
+
eQ′
mQ′
)2 ∣∣∣~Pγ∣∣∣3 ,(45)
where |~Pγ | is the three momentum of photon. Instead of
determine β trough relation β = 1/mq with mq being the
light constituent quark mass, we determine the value of
β from Eq. (44) using the experimental data Γ(D∗± →
D± + γ) = 1.3KeV with mc = 1.28GeV as
β = (−2.9 , −0.21)× 10−3MeV−1 , (46)
where the former value is similar to that determined by
using constituent light quark mass. Then, using this
value in Eq. (45), we calculate the radiative decays of
doubly heavy baryons which are listed in Table II.
In this work, considering the recent LHCb observation,
we studied the spectrum of doubly heavy baryons based
on the chiral partner structure model. The masses of the
spin-parity (1/2)±, (3/2)± DHBs are estimated, the in-
termultiplet one-pion transitions of the DHBs are calcu-
lated and the electromagnetic intramultiplet transitions
6are calculated. Similar to our previous work, the splitting
of the masses of chiral partners are estimated to be 430
MeV for the DHBs including up or down quarks which
350 MeV for DHBs including strange quark. Using the
extended Lagrangian in this work, we calculated the in-
termultiplet one-pion transitions and found that the total
widths of the DHBs with negative parity are revised to
∼ 300MeV for the DHBs including up or down quarks
but those for the DHBs including a strange quark are
revised to . 3KeV. In addition, we also calculated the
intramultiplet electromagnetic transition of the DHBs,
since unlike the charmed mesons, the mass difference be-
tween the heavy quark partner is smaller than the pion
mass. The present results can be used as a hints for the
future DHB search. It will be interesting to study the
modification of masses of chiral partners of DHBs simi-
larly to Refs. [31–33].
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7TABLE II. Masses of the DHBs and the partial widths of one-pion intermultiplet transitions and radiative intramultiplet
transitions (in unit of MeV). For pion decays, the left values are for gS = 0.43, while the right values are for gS = 1.63. For
radiative decays, the left values are for β = − 2.9× 10−3 MeV−1 and the right ones for β = − 0.21× 10−3 MeV.
State JP Mass Decay channel Partial width
Ξcc
1
2
+
3621.4 [1] — —
Ξ∗cc
1
2
−
4050 Ξ∗++cc → Ξ
++
cc + pi
0 100, 92.6
Ξ∗++cc → Ξ
+
cc + pi
+ 199, 185
Ξµcc
3
2
+
3727.9 Ξµ++cc → Ξ
++
cc + γ (3.1 , 3.1) × 10
−3
Ξµ+cc → Ξ
+
cc + γ (15.6 , 4.8) × 10
−3
Ξ′µcc
3
2
−
4157 Ξ′µ++cc → Ξ
++µ
cc + pi
0 100, 94.3
Ξ′µ++cc → Ξ
+µ
cc + pi
+ 199, 188
Ξ′µ++cc → Ξ
∗++
cc + γ (3.1 , 3.2) × 1−
−3
Ξ′µ+cc → Ξ
∗+
cc + γ (15.8 , 4.8) × 10
−3
Ωcc
1
2
+
3726.3 — —
Ω∗cc
1
2
−
4074.2 Ω∗+cc → Ω
+
cc + pi
0 (2.9 , 0.55) × 10−3
Ωµcc
3
2
+
3834.2 Ωµcc → Ωcc + γ (16.2 , 5.0) × 10
−3
Ω′µcc
3
2
−
4182.1 Ω′+µcc → Ω
+µ
cc + pi
0 (2.9 , 0.55) × 10−3
Ω′µcc → Ω
∗
cc + γ (16.2 , 5.0) × 10
−3
Ξbc
1
2
+
6885.7 — —
Ξ′bc
1
2
+
6885.7 — —
Ξ∗bc
1
2
−
7315 Ξ′∗+bc → Ξ
′+
bc + pi
0 104, 114
Ξ∗+bc → Ξ
0
bc + pi
+ 208, 227
Ξ′∗bc
1
2
−
7315 Ξ∗+bc → Ξ
+
bc + pi
0 104, 114
Ξ∗+bc → Ξ
0
bc + pi
+ 208, 227
Ξµbc
3
2
+
6955.8 Ξµbc → Ξbc + γ (2.2 , 0.29) × 10
−3
Ξµ+bc → Ξ
+
cc + γ (2.5 , 0.10) × 10
−3
Ξ′µbc
3
2
−
7384 Ξ′+µbc → Ξ
+µ
bc + pi
0 105, 112
Ξ′+µbc → Ξ
0µ
bc + pi
+ 208, 224
Ξ′µ+bc → Ξ
∗+
bc + γ (2.4 , 0.096) × 10
−3
Ξ′µbc → Ξ
∗
bc + γ (2.1 , 0.28) × 10
−3
Ωbc
1
2
+
6940.7 — —
Ω′bc
1
2
+
6940.7 — —
Ω∗bc
1
2
−
7288.6 Ω∗bc → Ωbc + pi
0 (3.0 , 0.67) × 10−3
Ω′∗bc
1
2
−
7288.6 Ω′∗bc → Ω
′
bc + pi
0 (3.0 , 0.67) × 10−3
Ωµbc
3
2
+
7012.8 Ωµbc → Ωbc + γ (2.4 , 0.32) × 10
−3
Ω′µbc
3
2
−
7360.7 Ω′µbc → Ω
µ
bc + pi
0 (3.1 , 0.67) × 10−3
Ω′µbc → Ω
∗
bc + γ (2.4 , 0.32) × 10
−3
Ξbb
1
2
+
10, 150 [24, 25] — —
Ξ∗bb
1
2
−
10, 579 Ξ∗0bb → Ξ
0
bb + pi
0 106, 122
Ξ∗0bb → Ξ
−
bb + pi
+ 211, 243
Ξµbb
3
2
+
10, 184 Ξµbb → Ξbb + γ (0.56 , 0.011) × 10
−3
Ξµ−bb → Ξ
−
bb + γ (0.17 , 0.0021) × 10
−3
Ξ′µbb
3
2
−
10, 613 Ξ′0bb → Ξ
0µ
bb + pi
0 106, 122
Ξ′0bb → Ξ
−µ
bb + pi
+ 211, 243
Ξ′µbb → Ξ
∗
bb + γ (0.56 , 0.011) × 10
−3
Ξ′µ−bb → Ξ
∗−
bb + γ (0.17 , 0.0021) × 10
−3
Ωbb
1
2
+
10, 155 — —
Ω∗bb
1
2
−
10, 503 Ω∗−bb → Ω
−
bb + pi
0 (3.1 , 0.72) × 10−3
Ωµbb
3
2
+
10, 191 Ωµbb → Ωbb + γ (0.098 , 0.0012) × 10
−3
Ω′µbb
3
2
−
10, 539 Ω′−µbb → Ω
−µ
bb + pi
0 (3.1 , 0.72) × 10−3
Ω′µbb → Ω
∗
bb + γ (0.098 , 0.0012) × 10
−3
